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Abstract Background
Increased biological complexity is generally associated with the addition of new genetic information, which must be integrated into the existing regulatory network that operates within the cell. General arguments on network control, as well as several recent genomic observations, indicate that regulatory gene number grows disproportionally fast with increasing genome size.
Results
We present two models for the growth of regulatory networks. Both predict that the number of transcriptional regulators will scale quadratically with total gene number. This appears to be in good quantitative agreement with genomic data from 89 fully sequenced prokaryotes. Moreover, the empirical curve predicts that any new non-regulatory gene will be accompanied by more than one additional regulator beyond a genome size of about 20,000 genes, within a factor of two of the observed ceiling.
Conclusions
Our analysis places transcriptional regulatory networks in the class of accelerating networks. We suggest that prokaryotic complexity may have been limited throughout evolution by regulatory overhead, and conversely that complex eukaryotes must have bypassed this constraint by novel strategies.
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Background
An increase in organism complexity or functionality can be achieved by adding new functional genes, and/or by adding new regulatory regimes. Each case requires an expansion of the regulatory network to integrate new capabilities with existing ones. The ability to access more genes (or operons, i.e., co-regulated functional modules of genes) therefore not only involves a linear increase in regulator number, but also enforces an additional expansion of higher order regulation, if the system as a whole is to be coordinated and not descend into chaotic space. A fraction of the regulators (those that are not constitutively expressed) will themselves require regulation, and the impact of new gene products on the biology of the cell will need to be integrated by additional input into the existing regulatory framework. For example, if a new operon dealing with the metabolism of a particular sugar is introduced into the cell, not only is a new regulator that recognizes this sugar required (or at least advantageous), but the effect of the activity of this operon has to be coordinated with the metabolism of other substrates that feed into the cell's energy flux, as exemplified by the lac operon. A growing body of literature supports the notion that increases in complexity arise indeed from progressively more elaborate regulation of gene expression [1] . These considerations suggest that the numbers of regulators (or combinations thereof) must generally scale faster than linearly with the number of genes.
In agreement with this general prediction, it has been shown that regulatory gene number in prokaryotic genomes grows disproportionally fast [2] [3] [4] [5] . In particular, a recent study analyzed the scaling of gene counts n c for each of 44 functional protein categories in relation to the total number of genes n, across 64 bacterial genomes [5] . Surprisingly, almost all categories showed a power law dependence on total gene count, n c~n . Transcriptional regulators were the fastest growing class, with an exponent of approximately 2 (1.87±0.13
for "transcription regulation" and 2.07±0.21 for "two component systems"). As linear increases in regulator numbers can theoretically provide a combinatorially explosive number of regulatory regimes, this observation suggests that the number of required regulatory states is increasing faster than the number of meaningful combinations of regulatory factors [5] , although the upper limits on the size of genetic networks that may be imposed by this regulatory expansion were not considered.
Studies of such 'accelerating growth' networks have recently been prompted by observations that the Internet grows by adding links more quickly than sites [6] . However, the relative change over time is small and the Internet appears to remain scale free and well characterized by stationary statistics [7] . Similarly, the average number of links per substrate in metabolic networks of organisms appears to increase linearly with substrate number [8] , while the average number of links of scientific collaboration networks increases linearly over time [9] . These observations have motivated models where accelerating growth in link number generates nonstationary statistics from random to scale-free to regular connectivity at particular network sizes, as the growing number of links gradually saturates the network and links all nodes together [10] (for an overview, see [11, 12] ). If biological regulatory networks indeed feature accelerating growth, they will be characterized by sparse connectivity at low gene numbers. If these networks, optimized by evolution in the sparse regime, are unable to make the transition to the densely connected regime, the evolutionary record would show a strict size limit at some maximum network size. This is exactly what is observed: prokaryotic gene numbers appear restricted to below approximately 10,000 genes or a genome size of approximately 10 megabases [13] .
Below, we present mathematical arguments that substantiate our intuitive expectation of accelerated growth of regulatory networks; and we confirm that our predictions are in good agreement with experimental results. We further calculate a rough estimate of the size limit that this accelerated growth of regulatory networks may impose on prokaryotic genomes.
We wish to point out that both models outlined below rely on a number of plausible, yet unproven assumptions. These models will undoubtedly need adjustments once more detailed information on the evolutionary mechanism of genome expansion is available.
While they will not encapsulate all biological details correctly, the models may serve as illustrations of the kind of mechanisms that might cause the observed accelerating growth of regulatory networks.
Results and Discussion
Model I: Regulatory integration of new genes
We can derive a specific prediction of the relationship between regulator numbers R and the numbers of genes N from simple assumptions about the evolution of regulatory networks. Consider a new gene that is added to the genome, e.g., by gene duplication or horizontal gene transfer. Initially, the new gene will be free to drift in its pattern of interactions with other genes. The available space of regulatory interactions that it can explore is the full set of genes already present in the genome. This evolutionary search is undirected. Thus, a priori, each regulatory interaction of the new gene with any previous gene has the same probability (termed p) to be selectively favorable. For each gene added to a genome containing N genes, we thus expect p N interactions to become fixed. Some genes may be integrated into the regulatory network only via existing regulatory factors.
However, we expect that some of the new genes have to be regulated specifically; thus, a fraction v of the new interactions will correspond to new regulatory factors. In sum, adding one new gene results in the fixation of R = v p N new regulators, with v p = c constant; or equivalently, adding N new genes results in R = c N N new regulators. Some (but perhaps only a minority) of the R new regulators will themselves require regulation [14] , and reciprocally the activities of the newly regulated functional units will have to be integrated back into the regulatory network of the cell, both leading to additional higher order terms dependent on the degree of required connectivity of the system as a whole. In a first approximation, we will ignore these; their inclusion will further accelerate regulatory network growth.
Starting from a hypothetical empty genome and adding one gene at a time, we can estimate the total number of regulators as a sum over all R terms:
Thus, the number of regulators R scales approximately quadratically with increasing gene number. As prokaryotic operon size decreases only slowly with increasing genome size [15] , N in Eq.1 can also be interpreted as operon number, which simply changes the scaling factor c. In eukaryotes, N includes the numbers of different splice variants.
Model II: Homology based interactions of new regulators
An alternative theoretical approach focuses not on the regulation required by newly added genes, but on the transcriptional regulators themselves. Any given transcription factor, which is newly added to a genome, will be retained under one condition: that it establishes fitness enhancing interaction with potential binding sites present in the genome.
We assume that the nucleotide sequences of potential binding sites are approximately random. The probability of finding or developing a match to the given transcription factor specificity among potential transcription factor binding sequences is then proportional to the total amount of such sequences. This scaling is analogous to that known from sequence similarity searches, such as BLAST or FASTA: the probability of finding a random sequence match scales linearly with the length of the target sequence.
The total amount of potential transcription factor binding sequences will scale linearly with the number of genes. Thus, the average number of matches between our new transcription factor and potential binding sequences scales linearly with total gene number. If the evolutionary search is undirected, i.e., each interaction is a priori equally likely to provide a fitness benefit, then the probability of retaining a newly added transcription factor also scales linearly with gene number: R = c'N, again leading to Equation (1).
Genomic analysis
We then proceeded to examine the actual relationship between the numbers of transcriptional regulators (defined here as those utilizing sequence specific binding to DNA or RNA) and genome size in prokaryotes. We analysed 89 completely sequenced bacterial and archaeal genomes, ranging from Mycoplasma genitalium (containing just 480 genes) to
Bradyrhizobium japonicum (8317 genes), thereby spanning almost the entire range of observed genome sizes. For each genome, we estimated the number of regulatory proteins by searching all genes for matches to Pfam profiles of protein domains [16] with known regulatory or signalling functions and/or known to be involved in DNA or RNA binding.
Although all of these genomes contain many genes with unknown function, some of which may have potentially unidentified regulatory domains, this should not unduly bias the analysis unless the proportion of unidentified regulators varies with genome size, which appears unlikely.
In agreement with the predictions from the above models, and in agreement with previous studies [2, 5] , we find the increase of regulatory genes with total gene number to be most consistent with a quadratic function: the double logarithmic plot in Fig. 1 [5] ). While the size range of fully sequenced prokaryotic genomes spans hardly more than one order of magnitude, the high r 2 value together with the tight confidence interval for the exponent are good evidence that the true scaling behaviour is a higher order function (i.e.
higher than linear), and most likely to be close to a quadratic.
From Fig. 1 , it is evident that regulatory networks are sparsely connected. In E. coli, each transcriptional regulator targets on average 5 operons [17] , corresponding to approximately 8.5 genes [15] . If this relation can be extrapolated to other genomes, Fig. 1 suggests that each gene is connected to on average C = 0.06% of all other genes (see Methods).
Previous studies of the transcriptional network in Escherichia coli have found a modular structure [17, 18] : densely co-regulated sets of genes form partially overlapping functional modules, which are controlled by global regulators. If new genes explored regulatory interactions predominantly within modules that are sparsely connected into the rest of the network, then this would give a largely linear relationship between R and N, with a small quadratic term for module interconnectivity. The fact that the relationship between R and N appears to be close to a pure quadratic (Fig. 1) then suggests that new genes explore regulatory interactions with a significant proportion of the genome, not just within modules.
This is consistent with the finding that modules do not represent closed systems: many genes are regulated not only by within-module transcription factors, but also by factors that control genes across several modules [17] .
Regulatory networks
The observed increase of average link number with network size means that transcription networks feature accelerating growth in connectivity, and hence nonstationary (or size dependent) statistics. This constitutes a significant difference from the more usual classes of exponential or scale-free networks with stationary (size independent) statistics.
The non-linear relationship predicted in Eq.1 and confirmed in Fig. 1 differs from the growth behavior described for previously studied metabolic and man-made networks, which largely feature non-accelerating growth and stationary statistics [6, 8, 9, 19, 20] . This may be a consequence of fundamental differences: the Internet, the World Wide Web, and scientific collaboration networks, among other generally studied networks, have not been subject to selection for specific dynamical functions, as opposed to gene regulatory networks [21] .
While metabolic networks are of course related to the regulatory networks governing them (and are indeed optimized for a closely related function), they are dominated by the most highly connected substrates (such as water, ATP, and ADP) [8] ; links involving such ubiquitous reactants contain little information on network control.
The scaling law in Eq. 1 is based on two simple suppositions: that each new gene explores a space of possible interactions which is proportional in size to the total number of genes; and that a priori each new interaction is equally likely to lead to the fixation of a new regulator. We can develop this into a simple explicit network model by presuming that most regulatory interactions are between non-regulatory genes (which for prokaryotes may be a reasonable first-order approximation [18] ). These genes form the nodes of the network, while the links between nodes are regulatory interactions. In this case, total gene number N in Eq. 1 is replaced by the number of non-regulatory genes S. If we presume that new regulatory genes explore outbound regulatory interactions with all existing nodes with equal probability, then this means that the inbound regulatory links to regulated genes are exponentially distributed and described by a random Erdös-Rényi style compact distribution network [22] . Interestingly, it has been shown that the number of transcriptional regulators controlling one gene follows an exponential distribution in E. coli [17] , as is expected in Erdös-Rényi networks [22] . Existing regulatory networks are of course far from random, but are highly optimized by natural selection. However, if selective forces affect all nodes with equal probability, then the resulting network topology resembles that of a random network.
Limited complexity of prokaryotes
Regardless of the exact nature of the distributions, the non-linear scaling confirmed in Regulators are the fastest growing class of proteins [5] , and their scaling behaviour has profound implications for the ability of prokaryotes to evolve more complex genetic programs.
In particular, the accelerating growth of the regulatory overhead must eventually impose an inherent upper size limit on prokaryote genomes, which we can roughly estimate as being at the point where functional gain is outweighed by regulatory cost, as follows. The total gene number N is composed of both regulatory genes R and non -regulatory genes S, and thus N = R + S for any increase in genome size N. In small genomes, growth occurs with the addition of many more non-regulatory than regulatory genes, and R << S. However, as × 10 -5 from a fit with slope 2.00), we find that this regime is reached when c N > 1/2, or N > approximately 20,000 genes. The latter figure is within a factor of two of the observed ceiling of around 10,000 genes in prokaryotes [13] . It may also be noteworthy that the observed limit coincides with the point where the number of operons equals the total number of regulatory interactions affecting them, where the latter is estimated as 5 x the number of regulators [17] . Regardless of the precise limit, the inescapable conclusion stemming from accelerated regulatory network growth is that there is a limit to genome size imposed by regulatory overhead. It may be more than coincidental that the predicted and observed limits are similar. 
Conclusions
General arguments on the scaling of regulatory networks, as well as two alternative models, predict a faster than linear increase of transcriptional regulatory overhead with gene number. This is confirmed by genomic data. Both models and the empirical data are most consistent with a quadratic growth of transcription regulator number with total gene number.
This links transcriptional networks to the emerging field of accelerating networks. The observed non-linear scaling implies a limit on network growth, and therefore on genome size and complexity, within any given regulatory architecture. Our rough prediction of this limit lies within a factor of two of the biologically observed size limit of prokaryotes. This implicates regulatory network structure as a defining feature distinguishing prokaryotes from complex eukaryotes.
Methods
Data mining
Profiles in Pfam [16] (http://pfam.wustl.edu) were identified that were DNA or RNA binding and either had known regulatory function or demonstrated sequence specific binding.
Pfam was searched by keywords such as "DNA bind", "RNA bind", "regulator" and "transcription factor". In this way almost half of all Pfam profiles were examined (see Supplemental Table 1 . The results were parsed and counted using a Perl script. A list of species, gene numbers, and regulator numbers is provided as Supplemental Table 2 . Graphs (not shown) using different definitions of regulatory proteins were also made using COG functional categories, subsets of the Pfam profiles in Supplemental Table 1 and functional classification from genome annotation. All such graphs showed similar behaviours to Figure 1 .
Connectivity
The average connectivity of genes was estimated as follows. If on average each of R regulators connects to five operons, as is the case in E. coli [15] , then one operon is 
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